e effect of copper, zinc, chromium, and lead on the anaerobic co-digestion of waste activated sludge and septic tank sludge in Hanoi was studied in the fermentation tests by investigating the substrate degradation, biogas production, and process stability at the mesophilic fermentation. e tested heavy metals were in a range of concentrations between 19 and 80 ppm. After the anaerobic tests, the TS, VS, and COD removal efficiency was 4.12%, 9.01%, and 23.78% for the Cu(II) added sample. Similarly, the efficiencies of the Zn(II) sample were 1.71%, 13.87%, and 16.1% and Cr(VI) efficiencies were 15.28%, 6.6%, and 18.65%, while the TS, VS, and COD removal efficiency of the Pb(II) added sample was recorded at 16.1%, 17.66%, and 16.03% at the concentration of 80 ppm, respectively. erefore, the biogas yield also decreased by 36.33%, 31.64%, 31.64%, and 30.60% for Cu(II), Zn(II), Cr(VI), and Pb(II) at the concentration of 80 ppm, compared to the raw sample, respectively. ese results indicated that Cu(II) had more inhibiting effect on the anaerobic digestion of the sludge mixture than Zn(II), Cr(VI), and Pb(II). e relative toxicity of these heavy metals to the co-digestion process was as follows: Cu (the most toxic) > Zn > Cr > Pb (the least toxic). e anaerobic codigestion process was inhibited at high heavy metal concentration, which resulted in decreased removal of organic substances and produced biogas. e heavy metals accumulated in municipal sludge from various sources such as the use of metallic chemicals, pipeline corrosion, the washing machine equipment process, bleaching, and neutralization [3, 4] . Heavy metals such as Cu, Zn, Pb, Hg, Cr, Cd, Fe, Ni, Co, and Mo are often found in waste sludge at high concentrations. Some metals at low concentrations, such as Ni, Co, Zn, and Cu, are required for the activation or functioning of many enzymes and coenzymes in anaerobic digestion; however, at high concentration, can lead to toxic or inhibitory [5] [6] [7] [8] . Despite the fact that the above phenomena have been studied quite extensively, the researchers have not clearly concluded whether
Introduction
Anaerobic process of waste activated sludge and septic tank sludge is a complex microbiological process involving various types of anaerobic and facultative bacteria. is way of sludge treatment involves degradation and stabilization of organic matter. e microorganisms are susceptible to heavy metals due to some specific physicochemical parameters, including the electronegativity, Pearson's softness index, the standard reduction potential, the solubility product of the metal-sulfide complex, the electron density, and the covalent index [1, 2] . the presence of particular heavy metals inhibits or stimulates microbial growth. An even greater ambiguity exists regarding the establishment of growth-stimulating and toxic doses of heavy metals [9] . e effects of heavy metals on the anaerobic digestion process have been widely studied. In general, the methane yield from the anaerobic digestion of granular sludge decreased with increasing heavy metal concentrations above 32 ppm [10] . Other studies revealed that the inhibition effect of toxic was quite different with the pattern of Zn > Cr > Ni≈Cd [10] or Cu (the most toxic) > Ni∼Zn > Pb (the least toxic) [11] or Hg > Cd > Cr (III) [12] .
Until now, there are no reports that have been performed to assess the effect of four metals (Cu, Zn, Cr, and Pb) on coanaerobic processes of waste activated sludge and septic tank sludge. is study aims to investigate the effects of metals on co-anaerobic processes of waste activated sludge and septic tank sludge; this eventually specifies the inhibitory effect of these metals on the anaerobic stabilization of sludge.
Materials and Methods

Sludge Sampling.
Waste activated sludge (WAS) samples were obtained from the Kim Lien wastewater treatment plant, with a capacity of 3,700 m 3 /day. Wastewater from 4.6 km 2 Kim Lien area was treated before discharging into the Lu river. e sources of wastewater include households, hotels, hospitals, metalwork, and markets.
Septic tank sludge (STS) samples were taken at the septic tank sludge treatment station, Urenco 7, Hanoi, mainly collected from public toilets, households, and agencies of Hanoi, with the quantity of 50-60 m 3 ·day − 1 .
Chemicals and the Biogas
Reactor. Chemicals (Cu(NO 3 ) 2 , Pb(NO 3 ) 2 , Zn(NO 3 ) 2 , and K 2 Cr 2 O 7 ) were obtained from Merck Chemicals (Darmstadt, Germany). e biogas reactor was installed by the following process: the thirty-two anaerobic batch tests of 1.0 L volume ( Figure 1 ). e volume of each reactor is 1.0 L and can only be filled up to 0.7 L for the produced biogas. e batch reactor was attached to the corresponding gas volume (note the numbering), and the top tidily was closed. Finally, the pipe connection for gas sampling was closed with the screw tab. Figure 2 shows the experiment procedure. All tests were conducted in 1-liter glass bottles of self-designed batch digesters. Each anaerobic digestion reactor contained 120 mL WAS and 480 mL STS and was tightly closed with a screw cap and rubber septum. e WAS/STS ratios of 20 : 80 (% of total feedstock measured as wet weight (w/w)) (sample SBS) [13, 14] were tested under the mesophilic condition for 20 days with the original total solid concentration of 7.35%. e initial sludge samples were analyzed for volatile solids (VS � 83.14%), total solids (TS � 6.15% ± 0.17%), pH (pH � 7.52 ± 0.56), COD (6863.6 ± 75.3 mg O 2 ·L − 1 ), and the content of lead (0.688 ± 0.003 ppm), chromium (0.4676 ± 0.001 ppm), zinc (9.4296 ± 0.02 ppm), and copper (1.3086 ± 0.015 ppm), respectively. e Cu(II), Zn(II), Pb(II), or Cr(VI) salts were dissolved in distilled water and then were added to the reactors at the concentration of 19 ppm, 40 ppm, 60 ppm, and 80 ppm, respectively. e compaction capacity of the reactors reached 0.62 liters. Each sample was mixed to obtain a homogeneous mixture for 3-5 min before the anaerobic digestion process. All reactors were shaken manually for 1 min/day during the anaerobic digestion process. e experiments were performed, repeated three times, and took an average result. e sample labels are shown in Table 1 .
Experimental Design.
Determination of Total Solids, Volatile Solids, and Chemical Oxygen Demand.
e total solids (TS), volatile solids (VS), and chemical oxygen demand (COD) were determined in accordance with APHA Standard Methods. e TS was determined by drying at 105°C with a universal oven (Model UN55, Memmert, Germany) for 24 h under the SMEWW 2540.B: 2000 method. e volatile solids (VS) were determined by calcining dry samples in ceramic cups at 550°C with a furnace (Model B180, Nabertherm, Germany) for 8 hours according to the SMEWW 2540.E: 2000 method. e COD was determined by dichromat and photometric measurements at 605 nm with a spectrophotometer (Model UH-5300, Hitachi, Tokyo, Japan) according to SMEWW 5220.C: 2012 method. e volume of the produced biogas was measured by using the water displacement method each day throughout the anaerobic digestion process.
Results and Discussion
Effects of Copper, Lead, Chromium, and Zinc for TS and VS
Removal. Figure 3 and Table 2 show the effects of copper, zinc, chromium, and lead on the anaerobic digestion of WAS and STS through the change of TS and VS. It can be seen that the TS and VS had a tendency of reduction as increasing the testing time. e decrease in VS may be due to the partial decomposition of organic matter in sludge.
is reduction corresponds to the reduction and stability of sludge, as well as the performance of anaerobic digestion [15] . In addition, the scaling of TS was down also due to the incomplete removing by biogas formation and then the remaining fraction was detached in the digestate into the soluble organic compounds [16] . e removal efficiency of TS and VS was gradually increased over the course of the experiment. e general trend occurred when the concentrations of four metals increased; the TS and VS of samples were decreased in the anaerobic process. e TS and VS of SBS samples significantly decreased from 6.15% ± 0.17% to 3.68% ± 0.1% and 83.14% ± 1.87% to 48.23% ± 1.08%, respectively. e TS and VS removal efficiency of the ECS1, ECS2, ECS3, and ECS4 samples was decreased with the increasing of Cu(II) concentration. e ECS4 sample (Cu(II) concentration � 80 ppm) showed the lowest digestion efficiency compared to other samples. e TS and VS of the ECS4 sample were 5.86% ± 0.16% (removal efficiency � 4.12%) and 75.65% ± 1.7% (removal efficiency � 9.01%), respectively. At the higher concentration of Cu(II), the growth of microorganisms was inhibited; the performance of the anaerobic digestion process decreased, resulting in the reduction of TS and VS. Results of TS and VS analysis of copper metal supplemented samples showed that, at a concentration of 19 ppm, anaerobic digestion efficiency decreased sharply with increasing Cu (II) concentration and the efficiency decreased significantly at Cu (II) concentration ≥40 ppm, similar to the study of Zayed and Winter [17] .
Similarly, the TS and VS removal of zinc metal supplement samples was decreased when the Zn(II) concentration increased. e EZS4 sample (Zn(II) concentration of 80 ppm) showed the lowest digestion efficiency compared to other samples; the TS and VS were 5.43% ± 0.15% (removal efficiency was 11.71%) and 71.61% ± 1.61% (removal efficiency was 13.87%), respectively. Zn(II) can make a complex with sludge particles because of a positive charge, leading to precipitate at the bottom of the tank. erefore, the anaerobic digestion of the microorganism will be reduced, similar to the study of Zayed and Winter [17] . Figure 3 and Table 2 show the TS and VS removal efficiency of the ERS1, ERS2, ERS3, and ERS4 samples and EPS1, EPS2, EPS3, and EPS4 decreased with the increasing of Cr, Pb concentration. e ERS4 and EPS4 samples (Cr(VI) and Pb(II) concentration � 80 ppm) showed a low digestion efficiency compared to other samples. e TS and VS of ERS4 sample were 5.21% ± 0.14% (removal efficiency � 15.28%) and 77.65% ± 1.75% (removal efficiency � 6.06%), respectively. e TS and VS of EPS4 sample were 5.16% ± 0.14% (removal efficiency � 16.10%) and 68.46% ± 1.54% (removal efficiency � 17.66%), respectively. e surface of the microorganism was adhered and hindered the metabolism of microorganisms to the process during the anaerobic digestion with the presence of metals [18] . At the higher concentration of metal, the growth of microorganisms was inhibited in the anaerobic digestion, resulting in the reduction of TS and VS. Metal supplemented samples showed a lower TS and VS removal efficiency than the original sample (SBS). e metal supplementation reduced the ability to remove TS and VS or reduced the ability to decompose organic volatile matter. Metals supplementation showed TS and VS removal efficiency compared with Zn, Pb, Cd, and Cu; their toxicity grows as an order of Pb < Cr < Zn < Cu, depending on numerous biotic and abiotic factors, and the higher the metal concentration, the greater the effect on the process. In case Cu exhibited the highest toxicity, this may be due to the affinity of Cu with organically/sulfide bound fraction [19] . erefore, at higher metal concentration, the inhibition of the growth of microorganisms during anaerobic digestion would be increased.
Effects of Copper, Lead, Chromium, and Zinc for COD Removal.
e speed and ability of COD removal were closely related to the ability of producing biogas in the anaerobic co-digestion process.
rough these measurements, it is possible to assess microbial activity and thereby evaluate the overall activity of anaerobic digestion based on the effects of Cu(II), Zn(II), Cr(VI), and Pb(II) into the digestion mixture. During monitoring and analysis with a sampling frequency of 05 days, the results of COD analysis over time are shown in Figure 4 . Figure 4 shows that the COD of the samples decreased with the anaerobic process time. During the first 5 days of International Journal of Chemical Engineering digestion, the COD of the SBS sample sharply decreased (21.51%) while samples with metal supplementation showed ability of a low COD removal, which were ECS4 samples (3.9% reduction), EZS3 (1.9% reduction), ERS4 (3.77% reduction), and EPS3 (3.28% reduction), respectively. Digestion time in the next five days of the sample showed COD reduction; the samples that slowly reduced were as follows: ECS4 6.51%, EZS3 9.96%, ERS3 10.40%, and EPS4 10.94%, respectively. en, the reduced COD removal ability showed low organic content in the sludge. In addition, the composition of highly biodegradable organic substances reduced the microbial activity of the organism. Inefficient microbial activity leads to the inefficient stabilization of persistent organic compounds that need to be removed. e toxicity of Cu(II) and Zn(II) is due to the disruption of enzyme function and structure by binding metal ions to thiol and other groups on protein molecules or by substituting natural metals in fake enzyme groups. Enzymes of the microorganism make them more likely to grow and the biomass weakens, resulting in a weakened COD. Fang and Hui [20] found that heavy metals inhibit the activity of CH 4 microorganisms of starch granules during anaerobic digestion.
After 20 days of digestion, the initial sample had the highest COD removal efficiency (down from 6863 ± 46 mg O 2 ·L − 1 to 4456 ± 30 mg O 2 ·L − 1 with removal efficiency � 35.44%), while the COD removal efficiency of the metaladded samples was less than the SBS sample. is indicates International Journal of Chemical Engineering that metal ions act on the digestion mixture by reducing the COD removal capacity of the mixture, preventing the breakdown of organic compounds or inhibiting microbial growth.
Effects of Copper, Lead, Chromium, and Zinc for Biogas
Generation. Normally, when decomposing 1 kg of dry organic matter, about 0.2-1.11 m 3 of biogas was collected [21] . However, the amount of biogas produced was strongly affected by many factors of anaerobic fermentation. Figure 5 depicts biogas production in experiments with initial mixed sludge samples and supplemented metal samples. e results from experiments showed that there were always two vertices of maximum gas. is phenomenon demonstrated that biogas production was related to the digestion of organic compounds contained in the input materials. e first strong gas-phase corresponded to the digestion of the decomposing organic compounds and the second weaker phase showed the digestion of the persistent organic compounds when it took sufficient time for microorganisms to adapt and dissolve systematically. e volume of gas generated was the most from 8 to 10 days with the SBS sample. e samples with supplementation of metals having the time of the gas generated were the most from the 10 th day; then the samples were gradually International Journal of Chemical Engineering reduced in gas volume. e graph showed the maximum amount of gas produced by the SBS sample (6210 ± 56 ml), while the samples' supplementation of Cu(II) was as follows: ECS1, ECS2, ECS3, and ECS4 being 5098 ± 43 ml, 4848 ± 37 ml, 4730 ± 42 ml, and 4024 ± 24 ml, respectively. It can be seen that the higher the amount of the added Cu(II), the less the produced amount of gas (less than 27% compared to the SBS sample).
It could be concluded that when the concentration of heavy metals in digestion is 80 ppm, the biogas yields can be decreased by 36.33%, 31.64%, 31.64%, and 30.62% with Cu(II), Zn(II), Cr(VI), and Pb(II), respectively, compared with the SBS sample.
Conclusion
e presence of heavy metals such as copper, lead, chromium, and zinc in the mixture of waste activated sludge and septic tank sludge decreased the efficiency of the anaerobic co-digestion process. A significant decrease in TS, VS, and COD removal and biogas generation was determined. Effect of Cu(II) inhibits the anaerobic digestion of the sludge mixture more strongly than that of Zn(II), Cr(VI), and Pb(II). e relative toxicity to the co-digestion process of waste activated sludge and septic tank sludge was found in the following order: Cu (the most toxic) > Zn > Cr > Pb (the least toxic). erefore, it is recommended that the presence of toxic heavy metals such as Cu, Zn, Cr, and Pb in municipal sludge should be controlled in the anaerobic codigestion system for the biogas production, as well as the safety of the land application.
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